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Abstract

Background—Previous studies show that prazosin, an a.1-adrenergic receptor antagonist,
decreases alcohol drinking in animal models of alcohol use and dependence (Walker et al., 2008,
Rasmussen et al., 2009) and in alcohol-dependent men (Simpson et al., 2009). This study extended
these findings by using a paradigm that allows for separate assessment of prazosin on motivation
to seek versus consume alcohol or sucrose in selectively bred rats.

Methods—Alcohol-preferring P rats were trained to complete an operant response that resulted
in access to either 2% sucrose or 10% alcohol. A 4-week Seeking Test Phase examined
responding in single, weekly extinction sessions when no reinforcer could be obtained. A 4-week
Drinking Test Phase consisted of rats lever-pressing to “pay” a specified amount up front to gain
access to unlimited alcohol (or sucrose) for a 20-minute period. On Seeking and Drinking test
days, prazosin (0.0, 0.5, 1.0, 1.5 mg/kg) was administered (IP) 30 min prior to behavioral sessions.

Results—Rats were self-administering an average of 0.9 (0.09) g/kg alcohol on vehicle test
day, and had pharmacologically relevant BECs. Prazosin significantly decreased alcohol-seeking
at all doses tested. The highest dose of prazosin also increased the latency to first response for
alcohol and decreased alcohol intake. While sucrose-seeking and intake were similarly affected by
prazosin, the high dose of prazosin did not increase response latency.

Conclusions—These findings are consistent with and extend previous research and suggest that
prazosin decreases motivation to initiate and engage in alcohol consumption. The specificity of
prazosin in attenuating the initiation of alcohol- but not sucrose-seeking suggests that this effect is
not due to prazosin-induced motor-impairment or malaise. Together with previous findings, these
data suggest that prazosin may be an effective pharmacotherapy, with specific application in
people that drink excessively or have a genetic predisposition to alcohol abuse.
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INTRODUCTION

Alcohol is the most commonly used brain depressant affecting as many as 90% of adults in
the United States with approximately 30-60% of those individuals having an adverse
alcohol-related event at some point in their lives (American Psychiatric Association [APA],
1994). Currently, there are only three major drugs that are FDA approved to treat alcohol
abuse (naltrexone, acamprosate, and disulfiram) and all three have limitations with regard to
their efficacy and use (Garbutt et al., 1999; Kranzler & Van Kirk, 2001).

Prazosin (“Minipress™) was originally marketed as an antihypertensive drug by Pfizer
Pharmaceuticals (Constantine et al, 1973). It is an a1-adrenergic antagonist that reduces
central adrenergic activity by blocking noradrenaline binding to postsynaptic receptors, and
is unique amongst a1 antagonists in that it is active at central nervous system sites when
administered peripherally (Menkes et al., 1981). Since prazosin works as a centrally active
al-adrenergic antagonist, Raskind and colleagues (2003) hypothesized that prazosin should
counteract excessive noradrenergic activity that occurs in patents with post-traumatic stress
disorder (PTSD) and, therefore, should reduce symptoms of PTSD. Clinical studies provided
evidence that prazosin decreased stressful symptoms related to PTSD, specifically
distressing nightmares and night awakenings (Raskind et al., 2003). A convergence of
factors then led to the examination of prazosin specifically for treatment of alcohol abuse:
chronic ethanol exposure and withdrawal in rats caused changes in physiology and behavior
that suggested profound alterations in the noradrenergic system related to drinking and
relapse (e.g., Rasmussen et al., 2001; 2006), there is a high comorbidity rate of substance
abuse and PTSD (Brady et al., 2000 for review), and PTSD patients receiving prazosin
reported decreased maotivation to drink alcohol (Raskind, unpublished observations). These
observations resulted in preclinical studies revealing that prazosin blocks dependence-
induced increases in operant responding for alcohol in Wistar rats, with higher doses
necessary to be effective in nondependent animals (Walker et al., 2008). In addition,
prazosin decreases alcohol drinking in alcohol-preferring P rats in a 2-hour, 2-bottle choice
(alcohol versus water) paradigm (Rasmussen et al., 2009). Clinical investigation confirmed
that prazosin treatment in non-PTSD alcohol-dependent individuals resulted in fewer
drinking days per week and fewer drinks per week during the final 3 weeks of a 6-week
study (Simpson et al., 2009).

The alcohol-preferring (P) rat line was developed as a model of excessive voluntary alcohol
drinking. P rats consume more than 5 g/kg/day of alcohol and achieve pharmacologically
relevant blood ethanol concentrations through voluntary drinking (Li et al., 1987).
Additionally, P rats meet all of the criteria for an animal model of alcoholism and exhibit
many alcohol drinking patterns seen in humans genetically predisposed toward developing
alcoholism such as binge drinking, relapse drinking, and adolescent drinking (for review see
Froehlich, 2010). Interestingly, evidence also suggests that animal models genetically bred
for high alcohol consumption may exhibit a down-regulation of norepinephrine transporters
in the locus coeruleus (Murphy et al., 2002), a brain region involved in the stress response
and a major site of CNS norepinephrine synthesis.

Prazosin, the a1-adrenergic receptor antagonist, has been shown to decrease alcohol self-
administration in rats in two different behavioral paradigms. The animal models previously
utilized focused on either an exclusively consummatory response (i.e., home cage drinking;
Rasmussen et al., 2009) or on a combined seeking/drinking response (i.e., lever-press
required for access to each 0.1ml of the reinforcer solution; Walker et al., 2008). In the
present study, we further examined the effects of acute prazosin administration on separate
measures of alcohol-seeking and drinking at binge-like levels, in alcohol-preferring P rats.
In this paradigm, the alcohol (or sucrose) seeking response (i.e., lever-presses) is
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procedurally separated from consummatory responding (i.e., drinking). We have previously
shown these measures to be sensitive to drugs that specifically affect reinforcer-seeking
versus drinking (Czachowski et al. 2001a; Czachowski et al, 2001b; Czachowski et al.,
2002).

MATERIALS and METHODS

Subjects

Apparatus

Drugs

Fifteen male alcohol-naive alcohol-preferring (P) rats from the sixty-eighth generation of
selective breeding were used in this study and randomly divided into sucrose and alcohol-
reinforced groups (n=8 and 7/group, respectively). Body weights ranged from 165 to 220g
on arrival and averaged 473g at completion of training immediately prior to treatment. Ad
libitum access to food and water was maintained except as noted below. The rats were
housed individually on a 12-h light/dark cycle (6:00 A.M. to 6:00 P.M.), and animal care
was in accordance with NIH guidelines (Guide for the Care and Use of Laboratory Animals;
NIH Guide 1996) and approved by the Institutional Animal Care and Use Committee.

Daily sessions were conducted in modular chambers (Med-Associates; St. Albans, VT,
USA,; 30 x 30 x 24.5 cm) equipped with a houselight, a retractable lever, and a retractable
graduated cylinder tube with rubber stopper and a stainless steel spout with double ball
bearings to prevent leakage. The lever was located on the wall opposite to the sipper tube
drinking bottle. All chambers were housed in sound-attenuated enclosures equipped with
exhaust fans that masked external noise. Electrical inputs and outputs of each chamber were
controlled using Med-Associates software (Med-Associates).

Alcohol (ethanol) solutions were prepared volume/volume in water using 95% ethanol. For
sucrose/alcohol solutions and sucrose solutions, the sucrose solution was prepared weight/
volume and used as a solute. Prazosin hydrochloride (Sigma-Aldrich, Inc., St. Louis, MO)
was dissolved in sterile water at 2ml/kg BW. Prazosin was injected intraperitoneally (IP) in
doses of 0.0, 0.5, 1.0, or 1.5 mg/kg BW, 30 minutes prior to operant sessions. Prazosin was
given 30 minutes prior to the start of the operant session based on an onset of action between
5-40 minutes (Menkes et al., 1981).

Training and alcohol initiation

Upon arrival, subjects were weighed and handled for a minimum of 3 days. Daily sessions
were conducted 5 days/week at the same time each day during the lights-on cycle. Subjects
were initially trained to press the lever on a fixed-ratio (FR) 1 schedule that resulted in 15
sec of access to the sipper tube with 10% sucrose in 30-minute sessions. Subjects were
water-restricted for the initial two to five sessions only, after which food and water were
available ad libitum in the home cage. Over a 3-week period, the training/sucrose-fading
(Samson, 1986) procedures involved the following: increasing the FR from 1-4, decreasing
the sucrose concentration to 2% and in the alcohol groups introducing alcohol and
increasing the concentration from 2% to 10% while fading the sucrose entirely (final
solutions: Sucrose group, 2% sucrose; Alcohol group, 10% ethanol). The procedural
separation between seeking (lever pressing) and drinking was then instituted: the FR
schedule was discontinued, and following the completion of a single response requirement,
access to the sipper tube was provided for 20 uninterrupted minutes. Over two weeks, the
response requirement was increased from four to 10, and then the response requirement of
10 was maintained for two additional weeks.
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Treatment schedule and test sessions

A four-week Drinking Test phase was then initiated in which all animals received one IP
injection of one of four doses of prazosin (0.0, 0.5, 1.0, or 1.5 mg/kg) in a balanced/random
design on one day each week (Thursdays; the other 4 days were “normal”’, non-injection
days with a response requirement of 10). IP injections were given 30 minutes prior to the
start of the operant sessions, and the response requirement was reduced to one so that
animals were more likely to obtain access to the reinforcer. At the end of the Drinking Test
phase, three weeks of no treatment were conducted and the response requirement was
gradually increased from ten to twenty.

A four-week Seeking Test phase was then conducted using the same drug treatments as in
the Drinking Test. Once a week on Thursdays, each injection preceded a single non-
reinforced extinction session. Extinction sessions consisted of 20 minutes of access to the
lever, but no reinforcer was provided (bottles were still placed in the retracted holders to
control for possible scent cues). Animals were also injected on Tuesdays with vehicle (1ml/
kg BW) preceding a reinforced session to control for the possibility that injections would
come to predict an extinction session. The other three days of the week were injection-free
reinforced sessions with a response requirement of twenty.

Blood ethanol concentration (BEC) determination

Following all prazosin treatments and immediately following the final 20 minutes of alcohol
access, blood samples were collected (100 ) into heparinized capillary tubes from a nick to
the tip of the tail while the rats were restrained briefly for a maximum of 2-4 minutes.
Samples were stored on ice during collection and then immediately centrifuged, and a 5 pl
sample of plasma was analyzed using the AM1 Analyzer (Analox Instruments, Lunenburg,
MA, USA). Ethanol concentration was determined with an amperometric oxygen electrode
that measures oxygen consumption during the enzymatic oxidation of alcohol to
acetaldehyde.

Data analyses and statistics

RESULTS

Total intakes of sucrose and alcohol were determined from the change in fluid volume in the
graduated cylinder sipper tube (mls), and g/kg intake was calculated from the intake volume
and daily body weight measures. Total lever presses, latency to lever press (sec), as well as
cumulative records of responding were recorded for each session. Data were analyzed using
two-way within-subject repeated measures analysis of variance (RM ANOVA, reinforcer
and dose as the main variables) and post hoc comparisons were performed using Student-
Newman-Keuls. In addition, t-tests were used to compare the alcohol and sucrose groups for
all responses in the vehicle condition to further assess “baseline” responding. Pearson
correlation was used to determine the relationship between alcohol intake (g/kg) and BEC.
All analyses were conducted using the SigmaStat 3.5 program (Systat Software, Inc.,
Chicago, IL) with significance accepted at p < 0.05. Data are presented as mean + SE.

For the Drinking Test Phase only, one rat was dropped from the analyses (alcohol group) for
failure to respond on the vehicle injection day (i.e. failure to provide a reliable control
response) due to difficulty with the injection procedure (broken toe nail). During the
Drinking Test Phase, analysis of reinforcer intake (g/kg) following prazosin treatment (Fig.
1) showed that there was a main effect of dose [F(3,36) = 7.9, p < 0.001] with post hoc
analyses indicating that only the high dose of prazosin (1.5 mg/kg) decreased intake relative
to all other treatments. There was also a main effect of reinforcer [F(1,36) = 9.9, p < 0.01]
with greater intake of sucrose overall, but no interaction between reinforcer and dose. T-test
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confirmed no difference at vehicle treatment between the alcohol and sucrose groups [{12)
= 1.6, p = 0.13]. Analysis of reinforcer intake volume (mls) revealed the same general
pattern of effects. There was greater sucrose intake overall [F(1,36) = 216.2, p < 0.001], with
an effect of prazosin treatment [F(3,36) = 4.9, p < 0.01], indicating that only the high dose of
prazosin decreased intake relative to vehicle, with no interaction between reinforcer and
dose. Volume of intake was the only measure that differed between the groups following
vehicle [12) = 21.3, p < 0.001], with sucrose intake greater than alcohol intake (mls).

During the Seeking Test Phase, alcohol and sucrose-seeking were assessed using extinction
lever-press responding (Fig. 2). Analysis of responding showed that there was a main effect
of dose [F(3,39) = 8.3, p < 0.001] with post hoc analyses indicating that all prazosin doses
(0.5, 1.0, 1.5 mg/kg) decreased responding relative to vehicle. There was also a main effect
of reinforcer [F(1,39) = 12.4, p < 0.01], with greater sucrose lever-press responding overall,
but no interaction between reinforcer and dose. There was no difference in responding
between the groups at vehicle treatment [(13) = 1.4, p = 0.17].

In the Seeking Test phase, all subjects made at least one response following vehicle
treatment, and t-test confirmed no difference in start latency between the alcohol and
sucrose groups [413) = 1.8, p = 0.26]. However, administration of the high dose of prazosin
resulted in two animals in the alcohol group making zero lever-press responses while all
sucrose subjects responded at all doses. Therefore, for an initial analysis of latency to lever
press (Table 1), the two subjects in the alcohol group that failed to respond were assigned a
latency of 1200 seconds (the session time). This approach yielded a main effect of reinforcer
[F(1,39) = 8.2, p < 0.05], with alcohol latencies longer than sucrose latencies, and a main
effect of dose [F(3,39)= 15.1, p < 0.01], with the high dose of prazosin differing from all
other treatments. The interaction between dose and reinforcer [F(3,39) = 4.6, p < 0.01]
indicated that there were no effects of prazosin on latency to lever-press in sucrose-
reinforced animals. Within the alcohol group, the high dose of prazosin produced longer
start latencies as compared to all other treatments within that group, and there were longer
latencies within the high dose for alcohol vs. sucrose reinforcement with no differences
between alcohol and sucrose at the other doses or following vehicle treatment. Alternatively,
when the two subjects in the alcohol group that failed to respond on the lever were excluded
from the analyses (rather than assigning the 1200 value), the pattern of results was identical
(reinforcer: [F(1,39) = 35.1, p < 0.01]; dose: [F(3,39) = 4.5, p < 0.01]; interaction: [F(3,39 =
3.1, p £0.05]), again indicating that the high dose of prazosin specifically increased latency
to lever-press in the alcohol group only. Finally, since the latency data were skewed,
nonparametric analyses using Mann-Whitney Rank Sum test at each dose confirmed that
latencies were greater in the alcohol group than the sucrose group at the high dose; U = 2.0,
p < 0.01 and at the middle dose; U = 10.0, p < 0.05, with no differences following the low
dose of prazosin or vehicle.

On the final day of operant sessions, the average alcohol intake was 1.04 g/kg (x0.07) which
yielded BECs of 54.9 (£10.3), as measured at the end of the 20 minute self-administration
period. Interestingly, there was a moderate but non-significant correlation between the two
measures (r2 = 0.60, p = 0.12) (Fig 3a). To clarify the somewhat disparate relationship
between alcohol intake and BEC, the drinking patterns over the 20-minute access were
further examined for the three subjects (Fig 3b) with identical g/kg intake but disparate
BECs. These data indicated that the subject with the low BEC consumed all 1.09 g/kg
alcohol during the first two minutes of the alcohol access period (959 total licks), and
therefore this rat’s blood sample was collected at 18 minutes post-consumption. The subject
with the moderate BEC engaged in two large drinking bouts; the first during the first 1.5
minutes of access and the second about eight minutes later, with all drinking terminating by
minute ten (total of 728 licks) which was ten minutes prior to the sample collection. Finally,
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the subject with the high BEC also consumed the majority of the total in the first two
minutes (~750 out of a total of 896 licks), but then continued a slow and steady pattern of
licking through the final minutes of the session, and therefore this rat’s sample collection
was coincident with the end of self-administration. Therefore, the patterns of intake and lack
of correlation between intake and BEC suggest that the actual peak BECs for many subjects
were likely higher than those measured at the 20-minute timepoint.

DISCUSSION

The purpose of the present study was to evaluate the role of the a.1-adrenergic receptor
antagonist, prazosin, on distinct alcohol-seeking and drinking behaviors in P rats consuming
binge-like amounts of alcohol. At all doses tested (0.5-1.5 mg/kg), prazosin decreased
appetitive (seeking) responding, and the high dose decreased alcohol drinking. These
findings are consistent with and extend those of Walker et al. (2008) where a high dose of
prazosin (2.0 mg/kg) was necessary to observe decreases in a combined seeking/drinking
response (i.e., fixed ratio responding for “sips” of alcohol) in nondependent, nonselected
Wistar rats. Notably, the nondependent rats in that study had relatively low baseline
responding and intake. In alcohol-dependent Wistar rats in the same experiment, baseline
responding was twice as high as in nondependent animals and prazosin decreased
responding/intake at a lower dose (1.5 mg/kg), which was the same dose as was required to
decrease drinking in the present study. An examination of a purely consummatory response
(i.e., free-access drinking) in P rats showed that acute injection of prazosin at moderate
doses (1.0-2.0mg/kg) decreased alcohol intake from a baseline of approximately 2 g/kg/hour
(Rasmussen et al., 2009), with the 0.5 dose becoming effective only after three daily
treatments. The present findings, therefore, clarify that a purely appetitive response is more
sensitive to prazosin than either a pure consummatory response or a mixed appetitive/
consummatory response and also further suggest that either a history of alcohol dependence
or a genetic background predisposing alcohol preference may increase susceptibility to
prazosin’s suppressive effect.

In general, prazosin decreased sucrose-seeking and drinking responses at the same doses that
decreased alcohol-reinforced responding. However, there were some indications that the
effects of prazosin were selective for alcohol reinforcement. The highest dose of prazosin
decreased alcohol-seeking and drinking by 76% and 67%, respectively, while decreasing
sucrose-seeking and drinking by only 44% and 39%, respectively. Moreover, the highest
dose of prazosin also increased the latency to initiate a seeking response in the alcohol-
reinforced group and resulted in subjects failing to emit any seeking response, which was
not observed in the sucrose group. The fact that sucrose-seeking behaviors were unaffected
by the high dose of prazosin suggests that the effects seen in the alcohol group were not
attributable to prazosin-induced motor-impairment or malaise. Generalized effects of
prazosin on arousal cannot be completely ruled out, however the specificity of prazosin’s
effects on alcohol versus sucrose response initiation do not support this mechanism of
action. It should also be noted that these seeking response measures were taken during
extinction sessions, when no alcohol was available, and therefore the effects of prazosin on
ethanol seeking were not due to an interaction between alcohol and prazosin. However,
since these animals had been drinking pharmacologically relevant amounts of alcohol five
days per week for 15 weeks at the start of the Seeking Phase testing, these findings may
suggest that prazosin is preferentially effective as a result of some neuroadaptation
following chronic binge-like alcohol intake.

The present study suggests that the noradrenergic system plays a key role in maintaining
alcohol seeking and drinking in animals selectively bred for alcohol preference. Similarly,
noradrenergic signaling is important for the maintenance of the reinforcing properties of
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nicotine and heroin and prazosin has been shown to affect nicotine and heroin self-
administration (Greenwell et al., 2009; Forget et al., 2010; Bruijnzeel et al., 2010). Prazosin
dose-dependently decreased the self-administration of nicotine, as well as reinstatement of
extinguished nicotine seeking induced by a nicotine prime or nicotine cues, in Long Evans
rats (Forget et al., 2010). Prazosin also dose-dependently decreased the elevations in brain
reward thresholds associated with nicotine withdrawal in Wistar rats (Bruijnzeel et al., 2010)
and dose-dependently reduced IV heroin self-administration in Wistar rats (Greenwell et al.,
2009). With regard to the present findings, depletion of brain levels of norepinephrine
results in a decrease of alcohol self-administration in Sprague-Dawley rats (Davis et al.,
1978), consistent with the central actions of prazosin. Finally and most recently, prazosin
has been found to block yohimbine (a prototypical a2-adrenergic antagonist)-induced
reinstatement of food and alcohol-seeking as well as footshock-induced reinstatement of
alcohol-seeking in rats (Le et al., 2011).

In summary, acute administration of prazosin, an al-adrenergic receptor antagonist, was
able to attenuate reinforcer-seeking and drinking and decreased the motivation to initiate
alcohol seeking in a binge-drinking model. The operant paradigm utilized, that procedurally
separates seeking from drinking responses, revealed that prazosin decreased reinforcer
seeking at lower doses than were required to affect consumption. The results suggest that
prazosin may be an effective pharmacotherapeutic agent for treating alcohol use disorders,
and possibly a treatment that targets the motivation to initiate episodes of excessive alcohol
consumption.
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Figure 1.

Mean (xSE) total reinforcer intake (g/kg over 20 min) on Drinking Test days for the
sucrose-reinforced (white) and alcohol-reinforced (black) groups over the four prazosin
treatment conditions (0, 0.5, 1.0 and 1.5 mg/kg; IP; =30min). Asterisk indicates the main
effect of dose; difference from all other doses.
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Figure 2.

Mean (£SE) reinforcer-seeking (lever-presses in 20 min) on the Seeking Test days for the
sucrose-reinforced (white) and alcohol-reinforced (black) groups over the four prazosin
treatment conditions (0, 0.5, 1.0 and 1.5 mg/kg; IP; —30min). Asterisks indicate the main
effect of dose; difference from vehicle.
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Figure 3a.

Blood ethanol concentration (mg%) as a function of alcohol intake (g/kg) assessed from the
final operant session following completion of all prazosin treatments. Blood samples were
collected immediately at the end of the 20 minutes of sipper tube access. The filled symbols
represent three subjects with identical alcohol intake but disparate BEC measurements.
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Figure 3b.

The cumulative records of lick responding over the 20 minutes of sipper tube access for the
three individual rats highlighted in Figure 3a that consumed the same amount of total
alcohol (g/kg). The subject with the lowest BEC consumed the entire 1.09 g/kg in the first
two minutes of the session, the subject with a moderate BEC exhibited two separate binges
and stopped licking by ten minutes into the session, and the subject with the high BEC had
one large binge in the first two minutes of access but continued to lick through the final
minute of the session.
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Table 1

Latency to lever-press by treatment.

Mean (£SE) latency to first lever press (seconds) on the Seeking Test days for the sucrose- and alcohol-
reinforced groups over the four prazosin treatment conditions (0, 0.5, 1.0 and 1.5 mg/kg; IP; —30min). At the
high dose, two animals in the alcohol group failed to respond and were therefore either assigned a latency of
1200 seconds (the total session time) or were excluded from the analyses. All subjects in the sucrose group
responded at all doses. Asterisks indicate significant difference from all other conditions within the alcohol
group and from the sucrose group, by both parametric and nonparametric analyses. # indicates significant
difference between alcohol and sucrose groups at this dose (Mann-Whitney U).

Latency to Lever Press (sec)
| Sucrose | Alcohol
Prazosin Dose (mg/kg) | Mean | +SE | Mean | +SE
0 13.53 | 6.84 28.77 12.66
0.5 17.05 2.94 51.33 14.73
1 23.09 | 9.37 | 65.77# 13.7
15 27.23 | 8.23 | 457.53* | 212.94
(all subjects — 1200 for no response)
15
(only subjects that responded) 160.54 * | 66.67
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